As an important class of crystalline aluminosilicates with uniform and ordered networks of micropores, zeolites have been widely used in the fields of catalysis, adsorption, separation, and advanced materials[@b1][@b2][@b3][@b4].The micropores endow zeolites with high specific surface area, excellent stability and unique shape selectivity. However, the molecular dimensions of micropores also make zeolites suffer from intracrystalline diffuse limitations[@b5][@b6][@b7][@b8], leading to the slow diffusion and restricted mass transfer of the reactants and products, which affect the activity, selectivity and even lifetime of the zeolite catalysts in some important reactions[@b9][@b10][@b11]. Approaches for overcoming this problem include: preparing small-sized zeolite particles and ultra-thin zeolite nanosheets[@b12][@b13][@b14][@b15], synthesizing new zeolites with larger pores[@b16][@b17], and modifying the pore characteristics of zeolites[@b18] etc. Among them, the synthesis of hierarchical zeolites with multiple levels of porosity and thus possessing combined advantages of the acidity and stability of micropores as well as the enhanced diffusion of larger pores, is considered one of the best approaches and has attracted increasing attention[@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30].

The critical issue in the preparation of hierarchical zeolites is how to construct well-interconnected pores with multi-levels in a versatile and controlled manner and further tailor them for target applications. In this regard, great progress has been made in the past few decades. However, most of the work was focused on the bimodal porous structure on micro-/meso scale, which are still limited for efficient diffusion. Therefore, hierarchically macro-meso-microporous materials are expected to further enhance the mass transport and thus maximize the benefits of hierarchy in some catalyzed reactions[@b31][@b32][@b33][@b34][@b35]. As a type of unique morphology of material, zeolite fiber has attracted growing interest for a wide range of new applications in adsorption, optics, and chemical sensors[@b36][@b37][@b38], etc. Specifically in catalysis, compared with the conventional zeolite powders, the structured zeolite fibers could provide fast diffusion and low pressure drop while maintaining the intrinsic high performance of zeolite[@b39][@b40][@b41]. Although hierarchical zeolites and zeolite fibers have been studied, the reports on the fabrication of hierarchically macro-meso-microporous fibers with tunable macroporosity and further exploration of their catalytic application are rare.

Electrospinning is a simple and versatile method for the preparation of a wide variety of one-dimensional materials by using electrostatic force[@b42][@b43][@b44][@b45]. One notable progress of electrospinning technique is the coaxial electrospinning by the introduction of the coaxial nozzle, which could create core-shell or hollow fibers in one-step[@b46][@b47][@b48][@b49][@b50]. Herein, by assembling ZSM-5 nanocrystals via coaxial electrospinning, we successfully prepared high quality ZSM-5 zeolite hollow fibers with trimodal porosity in a large scale. The big advantages of the present assembing of zeolite nanocrystals, not only lie in that it provides a trimodal porosity and a good control of the wall thickness of the fibers, but also in that it presents a model catalyst system for studying the catalytic cracking of hydrocarbons. The presence of the acid sites and the hierarchical porosity renders them highly effective in enhancing the yield of propylene and the anti-coking stability during the cracking of *iso*-butane. To the best of our knowledge, this is the first report on the fabrication of the macro-meso-microporus ZSM-5 hollow fibers with tunable macroporosity and their application in catalytic cracking reaction. The present study is expected to provide new insights for the development of fibrous zeolite catalysts for applications in microreactors and structured zeolite beds.

Results and Discussion
======================

Hierarchical ZSM-5 hollow fibers
--------------------------------

In the present coaxial electrospinning process, a suspension of ZSM-5 nanocrystals in polyvinylpyrrolidon (PVP)/ethanol solution worked as outer fluid and paraffin oil served as inner fluid. ZSM-5 nanocrystals were prepared by using tetrapropylammonium hydroxide (TPAOH) as the template according to the literature[@b14]. PVP used herein was to provide viscosity to make the outer fluid feasible for the fluent electrospinning, and it also helped to bond the ZSM-5 nanocrystals together. Paraffin oil, which is immiscible with the PVP solution, was for presenting hollow channel via calcination. By optimizing the proportion of PVP (15 wt%) and ZSM-5(8 wt%), the ZSM-5/PVP composite fibers were successfully prepared ([Figure 1a](#f1){ref-type="fig"}). The advantage of the present method lies in the capability and versatility for the preparation of the fibrous zeolites in a large scale. To obtain high quality and continuous non-woven mats of ZSM-5 zeolite fibers, the suitable calcination is also of great importance, and temperature-programmed treatment was employed to remove the organic components of PVP, TPAOH and paraffin oil. Upon the removal of the organics via calcination at 550°C, high-quality ZSM-5 zeolite hollow fibers were obtained. [Figure 1b](#f1){ref-type="fig"} shows the SEM image of the calcined hollow fibers. From [Figure 1b](#f1){ref-type="fig"}, it can be clearly seen that the as-prepared fibers possess hollow structure with comparatively uniform diameter. The high magnification SEM image ([Figure 1c](#f1){ref-type="fig"}) shows that the wall of the hollow fibers is rough and it consists of zeolite nanoparticles with the average particle size of 130 nm (see [Figure S2](#s1){ref-type="supplementary-material"}). TEM image ([Figure 1d](#f1){ref-type="fig"}) of the sample further confirms the continuous hollow channel character of the fibers. XRD pattern ([Figure 1e](#f1){ref-type="fig"}) indicates that the product is typical of MFI topology. The nitrogen adsorption experiment was conducted to determine the textual properties of the zeolite fibers, and the result is shown in [Figure 1f](#f1){ref-type="fig"}. From [Figure 1f](#f1){ref-type="fig"}, it can be seen that there is a high uptake at the initial stage of the isotherms, which is associated with the micropores in zeolites. The hysteresis loop at p/p~0~ \> 0.2 in the sorption isotherms confirms the formation of mesopores. The mesopore size determined by BJH method was centered at 33 nm ([Figure 1f](#f1){ref-type="fig"}, inset) which is attributed to the stacking pores of ZSM-5 nanocrystals of the wall of the hollow fibers ([Figure S3](#s1){ref-type="supplementary-material"}). Therefore, macro-meso-microporous zeolite hollow fibers with micropores within the ZSM-5 nanoparticles, mesopores formed by the packing of the nanoparticles, uniform and continuous macropore on the hollow fiber level, are successfully demonstrated. And the hollow fibers possess good structural stability with no obvious destruction after ultrasonic treatment ([Figure S4](#s1){ref-type="supplementary-material"}). In addition, by regulating feed rate of the inner fluid in coaxial electrospinning, the sizes of the macropore, i.e. the diameters of the hollow fibers can be facilely tuned. In the present experiments, it was found that changing the feed rate of the inner fluid from 0.4 to 1.2 mL·h^−1^ leads to the variation of the average inner diameter from about 1.59 μm to 2.26 μm (see [Figure S5](#s1){ref-type="supplementary-material"} in the [supporting information](#s1){ref-type="supplementary-material"}).

Catalytic activity
------------------

To demonstrate the superiority in catalytic application, the catalytic performances of the hierarchical ZSM-5 hollow fibers were investigated in the cracking reaction of *iso*-butane to light olefins. The typical results were compared with those on hierarchical meso-microporous ZSM-5 fibers electrospun by the same ZSM-5 nanocrystals, ZSM-5 nanocrystals and conventional ZSM-5 zeolite (with the approximate Si/Al~2~ ratio of 100), respectively (see [Figure S2, Figure S6, Figure S7, Table S1](#s1){ref-type="supplementary-material"} in the [supporting information](#s1){ref-type="supplementary-material"}). [Table 1](#t1){ref-type="table"} presents the reactivities of conventional ZSM-5, Nano-ZSM-5, ZSM-5 solid fibers and ZSM-5 hollow fibers. From [Table 1](#t1){ref-type="table"}, it can be seen that in comparison with that on conventional ZSM-5 at 625°C, the conversion of the *iso*-butane was increased on hierarchical ZSM-5 samples including ZSM-5 fibers and Nano-ZSM-5. Especially at low temperatures (below 625°C), the hierarchical ZSM-5 zeolite fibers showed higher conversion of *iso*-butane and yield of propylene than those of other samples ([Figure 2](#f2){ref-type="fig"}). Such results can be understood by analysis of the acid characterization result on NH~3~-TPD of the four samples ([Figure 3](#f3){ref-type="fig"}) and the hierarchical pore of the zeolite fibers. From [Figure 3](#f3){ref-type="fig"}, it can be seen that, compared with conventional ZSM-5 (Conv-ZSM-5), both the amount and the strengths of acid sites of hierarchical zeolites decreased, and the percentage amount of the weak and medium acid in total amount of acid sites increased. It has been recognized that the construction of hierarchical pores is effective in enhancing the accessibility of the active centers[@b51]. In the two fibrous ZSM-5 samples, although the amount of the acid sites is not larger than that of conventional ZSM-5 zeolite, the presence of the mesopores and/or macropores make them have the enhanced diffusion and accessibility to catalytic active sites, which can partially compensate for the low acidity strength of the two samples. Consequently, although the acid strength is not improved, the conversion of *iso*-butane is increased. The increase of percentage of the amount of the medium and weak acid sites and the decrease of the acid strength result in the enhancement of selectivity to propylene, which is mainly related to the fact that propylene is the intermediate product in the cracking of *iso*-butane, and the suitable strength and amount of acid sites is one of the key factors for making the reaction proceed the exact extent and for hindering propylene from secondary reactions[@b52]. Among the four ZSM-5 samples, ZSM-5 fiber shows the highest yield of propylene by 42.0%, which is 4.3% higher than that on conventional ZSM-5.

[Figure 4](#f4){ref-type="fig"} presents the stability test results of the four catalysts by monitoring the maximum yield of propylene during 60 h continuous reactions at 625°C. From [Figure 4a](#f4){ref-type="fig"}, it can be seen that during 60 h on stream, ZSM-5 hollow fibers exhibited the highest stability among the four tested samples for the cracking of *iso*-butane. Even after 60 hours of continuous reaction, the conversion of *iso*-butane on ZSM-5 hollow fiber sample still retained at 93.3%, which was 12.1% and 5.5% higher than those on ZSM-5 solid fibers and Nano-ZSM-5, respectively. For ZSM-5 hollow fibers, it is noteworthy that even though the conversion decreased slightly with the reaction time, the yield of propylene was still about 40% ([Figure 4b](#f4){ref-type="fig"}), indicating that the selectivity to propylene was increased. It is known that the long time reaction brings about the coking of the catalyst, and the coking occurs more serious on the stronger acid sites[@b52][@b53][@b54]. Considering this and comparing the reaction stability between Nano-ZSM-5 and Conv-ZSM-5, because Conv-ZSM-5 possesses higher strength and larger amount of strong acid sites as well as the larger particle size, it exhibits worse anti-coking than Nano-ZSM-5. While ZSM-5 hollow fibers show the best anti-coking which possesses the comparable acidic properties with those of nano-ZSM-5 and ZSM-5 solid fibers, indicating that its unique porosity does play the key role, i.e. the presence of interconnected hierarchical macro-meso-micropores facilitates the mass transfer of target products and coke precursor out of the micropores. Coking carbon distribution of the conventional ZSM-5 particle and ZSM-5 hollow fiber after reactions via EDX line scans ([Figure S8](#s1){ref-type="supplementary-material"}) supports this suggestion. The typical result shows that along the cross-section of the conventional ZSM-5 particle, a decreased carbon deposition occurred from the outer to the interior part. While a homogeneous carbon coking appears on ZSM-5 hollow fiber, indicating that compared with conventional ZSM-5 catalyst, the ZSM-5 hollow fiber does not suffer from the diffusion limitation during the present reaction. So, it can be concluded that the synergistic effect of the suitable acidity and hierarchical pores contribute to the fact that the catalytic performances of macro-meso-microporous ZSM-5 hollow fibers are the best among the four kind of samples. In addition to the good performances of the ZSM-5 hollow fibers, such facile regulation of the hierarchical porosity with uniform wall thickness by assembling of ZSM-5 nanocrystals in the present study also helps to provide good model catalysts for the deep studying of the catalytic cracking of hydrocarbons.

In summary, we have presented a facile method for the fabrication of hierarchical ZSM-5 fibers with macro-meso-microporosity. Uniform and tunable macropores were realized for the first time on such a kind of fibrous zeolite by regulating the rates of inner fluid in coaxial electrospinning. The as-prepared hierarchical ZSM-5 hollow fibers exhibit high yield of propylene and good anti-coking stability in the cracking reaction of *iso*-butane. The excellent catalytic performances are attributed to the combined effect of the suitable acidity and the hierarchical porosity on the promotion of the diffusion and the accessibility to the catalytic active sites. The current work is expected to provide new insight on the design and expanding the application of hierarchical fibrous zeolite systems in a range of important catalytic reactions.

Methods
=======

Synthesis of ZSM-5 nanocrystals
-------------------------------

ZSM-5 nanocrystals were prepared from a clear solution with the composition of 9TPAOH: 0.25Al~2~O~3~: 25SiO~2~: 599H~2~O according to previous literature[@b14] except that the reaction was conducted at 100°C for 84 h. The synthesized nanocrystals were purified by centrifugation and washed with distilled water until the pH value close to 7.0. Finally, the resultant powder were washed twice with ethanol, and dried at 80°C overnight for further use in oven.

Preparation of outer fluid
--------------------------

In order to form a suspension with an appropriate concentration, the synthesized ZSM-5 nanocrystals were subjected to ultrasonic treatment (KS Ultrasonic Instruments KQ-200VDE, Max Power 200 W) at 180 W for 6 h to re-disperse into absolute ethanol. Then measured amount of polyvinylpyrrolidone (PVP, Aldrich, M~w~ ≈ 1,300,000) was added under stirring to get an appropriate viscosity. When the PVP was completely dissolved, the opalescent solution obtained was processed by ultrasonic again to exclude blended bubble in the process of mixing. After the treatment, the electrospinning solution was obtained with uniformity and moderate viscosity.

In a typical experiment, the preparation of outer fluid was achieved by the addition of 2.50 g (8 wt%) dry ZSM-5 nanocrystals into 24.06 g absolute ethanol in a sealable bottle and the mixture was sonicated for 6 h. Then, under magnetically stirring, 4.70 g PVP (15 wt%) powder was added into the suspension solution, and it was further stirred overnight to completely dissolve the PVP molecules. Finally, the obtained solution was sonicated at 180 W for another 0.5 h.

Preparation of hierarchical ZSM-5 fibers
----------------------------------------

Schematic illustration of the coaxial electrospinning device is shown in [Figure S1](#s1){ref-type="supplementary-material"}, which is similar to that described in the literature[@b50]. For the fabrication of ZSM-5 hollow fibers, the paraffin oil as inner liquid was pumped out from the inner metallic nozzle connected by 20.0 mL volume syringe with flow rate of 0.4 \~ 2.0 mL h^−1^ and the prepared solution (5.0 mL) as outer liquid was pumped through annular space of concentric metallic needle with the flow rate of 4.5 mL h^−1^. The process of electrospinning was carried out by applying an 18 \~ 25 kV voltage at a distance of 30 cm to aluminum foil as collector to receive non-woven mats of ZSM-5/PVP composite fibers. The electrospun products were calcined under air at a heating rate of 1°C min^−1^ up to 550°C and kept at the temperature for 6 h to burn off the organic polymer, paraffin oil and the structure-directing agent (tetrapropylammonium hydroxide). As control, the solid fibers were fabricated by single nozzle electrospinning without inner fluid, and the conventional ZSM-5 zeolite (Si/Al~2~ ratio of 100), was purchased from Catalyst Company of NanKai University.
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![(a) SEM image of the fibers that were co-electrospun from ZSM-5/PVP in ethanol solution with inner fluid of paraffin oil before calcination. (b) and (c) The low and magnified SEM image of the hollow fibers after calcination at 550°C, respectively. They show the high-quality hollow fibers. (d) TEM image of one hollow fiber after calicination. The wall thickness of the hollow fiber is relative uniform, which is composed of ZSM-5 nanoparticles. (e) XRD pattern of the ZSM-5 hollow fibers after calicination, indicative of the MFI topology. (f) Nitrogen adsorption/desorption isotherms and BJH pore size distribution of the ZSM-5 hollow fibers (inset), showing the meso-microporous characteristics.](srep07276-f1){#f1}

![Effect of reaction temperatures on the conversion of iso-butane (a) and the yield of propylene (b).\
Among the four samples, ZSM-5 hollow fibers demonstrate the highest conversion of *iso*-butane and superior yield of propylene.](srep07276-f2){#f2}

![NH~3~-TPD profiles of Conventional ZSM-5 (Conv-ZSM-5), Nano-ZSM-5, ZSM-5 solid fibers and ZSM-5 hollow fibers.](srep07276-f3){#f3}

![Catalytic stability of the test results of conventional ZSM-5 (Conv-ZSM-5), Nano-ZSM-5, ZSM-5 solid fibers and ZSM-5 hollow fibers during 60 h on stream at 625°C by monitoring the conversion of *iso*-butane (a) and the yield of propylene (b).\
ZSM-5 hollow fibers show the best anti-coking performance among the four samples.](srep07276-f4){#f4}

###### The catalytic performances of the four catalysts in the cracking of *iso*-butane at the temperature of 625°C

  Catalysts              Conversion of *iso*-butane/%   Selectivity to propylene/%   Yield of propylene/%
  --------------------- ------------------------------ ---------------------------- ----------------------
  Conv-ZSM-5                         93.9                          40.1                      37.7
  Nano-ZSM-5                         96.8                          42.3                      40.9
  ZSM-5 solid fibers                 99.0                          42.4                      42.0
  ZSM-5 hollow fibers                99.8                          41.3                      41.2

The four catalysts: ZSM-5 hollow fibers, ZSM-5 solid fibers, Nano-ZSM-5 and conventional ZSM-5 (Conv-ZSM-5), with the approximate Si/Al~2~ ratio of 100.
